Telepathology is an attractive solution for providing neuropathologic intraoperative expertise to geographically diverse hospitals from a center of excellence. To date, few reports specifically address the feasibility of such a system for intraoperative neuropathology specimens. The University of Pittsburgh Medical Center is a 20-hospital system in Southwest Pennsylvania in which the pathology department has adopted a subspecialty Bcenters of excellence[ method of managing cases. The Division of Neuropathology is physically located at 1 hospital but provides neuropathologic expertise to the entire system. Adult neurosurgery is currently limited to 2 hospitals separated by 18 city blocks. We describe our experience in providing remote intraoperative neuropathologic consultations over a 5-year period, from 2002 to 2006. Several approaches are discussed, with emphasis on the current system and the evolution of imaging technology. Diagnostic outcomes are compared among >400 telepathology cases and >1,200 conventional intraoperative cases. Current technology is capable of facilitating teleneuropathologic intraoperative diagnoses in a timely manner, with accuracy rates comparable to those for conventional methods. However, the practice of providing these remote consultations requires a sophisticated and technologically advanced environment along with substantial planning, communication, and training of both pathologists and pathology assistants.
INTRODUCTION
Telepathology has been defined as the practice of pathology at a distance, utilizing information technology such as telecommunications systems, the Internet, and digital imaging technology (1) . Although efforts to establish telepathology services began in the 1960s and 1970s (2, 3) , telepathology use in routine practice did not emerge until the late 1980s, with scattered reports appearing in the 1990s (4, 5) . In the United States, early telepathology networks were pioneered by military and government pathology practices but only fairly recently have been implemented in other settings (6Y11).
As for most computer-related technology, telepathology systems have evolved rapidly. Early systems were generally capable of only low-quality dynamic or highquality static images and relied upon a local pathologist to either control a microscope by remote or digitally photograph a case and send it (12) . Mostly, such cases were paraffin-embedded, formalin-fixed tissue in a postoperative consultation setting because the error rate in an intraoperative setting was unacceptably high (13) . Robotic microscopy was theoretically available in the late 1980s but was not widely implemented until the advent of economically viable systems from several competing vendors. Numerous groups have now published validation studies of intraoperative consultations using robotic microscopy (7, 10, 14Y21) .
The demand for telepathology has been fueled in recent years by vigorous expansion of health care centers and a desire to deliver the highest level of expertise throughout the system. This often involves consolidation of pathology practices into fewer sites, with concomitant expansion of surgical services at multiple hospitals and community surgical centers. Nevertheless, pathologists retain the responsibility for providing intraoperative consultation support for surgeons who are operating at multiple geographic sites (8, 22) .
Because of the comparatively low number and unusual nature of neurosurgical specimens, neuropathology has long been a highly specialized discipline within pathology. Concentration of neuropathologic expertise into Bcenters of excellence[ serves 2 purposes: 1) providing access to highquality consultation services for nonspecialists and 2) ensuring optimal training of neuropathologists through exposure to higher volume and varied case material (23) . Thus, telepathology is of particular utility for neuropathologists in providing expert evaluation of material over a wide geographic area, especially in the intraoperative setting. Studies of telepathology in neuropathology have included intraoperative consultations (13) as well as routine diagnoses (24) .
In 1999, our institution expanded to include a 486-bed hospital in the city of Pittsburgh, University of Pittsburgh Medical Center (UPMC) Shadyside, which has an extensive neurosurgical service. This hospital is separated from the main campus at UPMC Presbyterian by 18 city blocks. Parttime coverage by a neuropathologist from UPMC Presbyterian required at least 1 hour for roundtrip travel plus the time necessary for the actual consultation, not to mention extensive time lost in coordinating specimen availability. Therefore, on-site pathologists at UPMC Shadyside initially continued to provide intraoperative consultation support for neurosurgery as had been done previously. Telepathology was seen as a possible solution to ensure that these pathologists could rapidly obtain expert subspecialty opinions when needed. As experience with and access to telepathology technology increased, it became possible to transition responsibility for neuropathology intraoperative consultations at UPMC Shadyside entirely to the neuropathology service at UPMC Presbyterian. Herein we describe our experience with telepathology for intraoperative consultation, including not only the technologies involved but also other critical (and unexpected) factors for success such as planning, organization, training, and communication.
MATERIALS AND METHODS

Study Design
This was a retrospective review of all adult surgical pathology cases with intraoperative neuropathology consultations from 2002 through 2006. The research protocol was approved by the University of Pittsburgh Institutional Review Board. Pathology report data were procured by an honest broker who extracted the case date, intraoperative diagnosis, final diagnosis, surgery type, and surgery site. Specimen class was also assigned using the categories listed in Table 1 . All neuropathology cases requiring an intraoperative consult using either the DN100 or Coolscope systems were included (see Telepathology Systems section).
Intraoperative diagnoses were compared with final diagnoses by 2 pathologists (CH and JLF) blinded to the intraoperative consult method (i.e. conventional microscopy vs telemicroscopy) and year of the procedure. Concordance rates, discrepancies, and deferral rates of telepathology versus nontelepathology cases were compared for each year using 2-tailed, 2-sample Student t-tests, assuming equal variances (assumption was correct, data not shown). Differences were considered significant when p G 0.05.
Telepathology Intraoperative Consultation Protocol
To provide high-quality intraoperative consultations, the neuropathologist needed access to extensive clinical information. UPMC has pioneered amalgamation and distribution of medical records. This is an ongoing process that will evolve continuously with advances in bioinformatics. Typically the intraoperative consultation began with the neuropathologist previewing the neurosurgery schedule, usually 1 day before, to identify probable intraoperative consultation requests. Electronically available patient information was reviewed, including clinical notes and pertinent radiology studies when available. As UPMC has invested extensively in making the medical record electronic, much of the record on neurosurgical cases was available. The pathology assistants (PAs) were alerted to any cases potentially requiring unusual preparation. In some circumstances, important clinical/radiologic information was not available before the consultation. The consultation was initiated when the surgeon notified the PA that a specimen was ready for processing (Fig. 1D) . The PA then prepared a smear and/or frozen preparation of the specimen and alerted the neuropathologist by pager. The neuropathologist called the PA to discuss the specimen and any new clinical information. Using a telepathology system (see below), the neuropathologist at UPMC Presbyterian viewed the slide. When a diagnosis was established, the neuropathologist first communicated the diagnosis to the surgeon at UPMC Shadyside via telephone, then to the PA at UPMC Shadyside for entry into the anatomic pathology laboratory information system. Finally, the neuropathologist recorded the diagnosis in a log book for later confirmation if necessary. The surgical material was then processed according to standard procedures, and both permanent material and the intraoperative slides were delivered to the neuropathologist for review and final sign-out.
Conventional Intraoperative Consultation Protocol
This procedure was similar to that outlined above, except that: 1) a neuropathologist, fellow, or resident received the actual surgical specimen, examined it grossly, and prepared the slides; and 2) a traditional microscope was used instead of a telepathology system. Contact with neurosurgeons occurred directly in the operating room at UPMC Presbyterian. The DN100 Digital Network Camera System (Nikon, Melville, NY) included a microscope with a high-resolution digital camera and software for accessing its images via the Internet (Fig. 1A) . Two image modes were available: a lowresolution video mode (340 Â 240 pixels, 15 frames/second) and a high-resolution still picture mode (1,280 Â 960 pixels, 2 seconds/image). The local pathologist at UPMC Shadyside initiated the consultation via telephone. This local pathologist controlled the microscope while the neuropathologist viewed the images using a standard Web browser.
Telepathology Systems
Robotic Remote-Controlled Microscopy (September 2003YDecember 2006)
The Coolscope (Nikon) was a network-connected, fully robotic microscope that permitted remote control of objective lens, lighting, and slide stage (Fig. 1B) . The slide loading process was a simple procedure comparable to loading a disc into a CD player. To prevent fouling of the device by coverslip mounting medium, slides were thoroughly wiped and heated in a microwave oven for 15 seconds before loading. Once loaded, the device rapidly created a low-resolution Bthumbnail[ scan and then became available for remote control operation. No pathologist at the remote site was required. The slide was viewed using a standard Web browser and the Internet (Fig. 1C) . The neuropathologist could navigate around the slide and switch objective lenses in real time. The system also permitted digital photography of the case by the neuropathologist, both for documentation and for use in quality control/quality assurance conferences (Fig. 1E, F) . (Table 1) , with some variations reflective of the different neurosurgical procedures performed at the local versus remote sites. For example, proportionately more pituitary adenomas were resected by UPMC Presbyterian neurosurgeons than by neurosurgeons at UPMC Shadyside because of the former's emphasis on transnasal endoscopic surgery. The Nikon DN100 Digital Camera Network System included a nonrobotic microscope with a high-resolution digital camera and software for accessing high-resolution static images or low-resolution dynamic images via the Internet (image obtained from the Nikon Web site at http://www.microscopyu.com/articles/digitalimaging/dn100/ index.html). Two pathologists were required to operate the system, 1 at each end. In contrast, the Coolscope was a fully robotic microscope (B) for which 1 off-site pathologist operated the system via an Internet-based Web site that displayed microscope controls as well as high-resolution real-time images (C). The general workflow in a telepathology intraoperative consult is depicted in (D) (see Telepathology Intraoperative Consultation Protocol section). A representative intraoperative consultation on a brain mass resulted in the diagnosis of meningioma by remote digital imaging (E), which was confirmed by the permanent section histology (F). 
RESULTS
Conventional and Telepathology Intraoperative Case Totals and Diagnostic Classes
Deferral Rates
Deferrals on conventional intraoperative consultations remained stable from 2002 to 2006, with an average annual rate of 10.6% (Fig. 3 ). Telepathology deferral rates varied somewhat during the first 2 years but were statistically similar to conventional rates owing in large part to the low number of cases. In 2004, the telepathology deferral rate was significantly higher at 19.7% compared with 10.0% via the conventional method. The trend in the 2 subsequent years was a decrease in the telepathology deferral rate, approaching that of conventional microscopy. In both the conventional and telepathology settings, the cases most likely to be deferred included benign/reactive specimens, lymphomas, and unusual neoplasms such as pineocytomas, hemangiopericytomas, or neuroblastomas (Table 2) . Each type of case was more likely to be deferred if handled by telepathology versus conventional microscopy. Pituitary adenomas, meningiomas, and ependymomas were unlikely to be deferred regardless of the consultation method used. Because of the rarity of chondrosarcomas, chordomas, and craniopharyngiomas in telepathology cases, all 3 classes are included in Bneoplasm not otherwise specified (NOS)[ in the telepathology group, whereas there were enough cases per class to warrant separation in the conventional group. Conversely, neurofibromas were rare in conventional cases, so they are included under neoplasm NOS in the conventional group but are listed separately in the telepathology group.
Often in deferrals the neuropathologist will still offer a guarded opinion as to the nature of the lesion. Of the 66 deferred telepathology cases, 42 (64%) had impressions that were eventually proven to be correct in the final diagnosis. Of the 131 deferrals in traditional microscopy cases, 88 (67%) had impressions that were ultimately correct in the final diagnosis.
Discrepancy Rates
Discrepancy rates for conventionally diagnosed intraoperative cases varied from as high as In 2006, the discrepancy rate decreased to 5 of 160 (3.1%) cases, approaching that for conventional microscopy. Generally, neoplasm NOS and benign/reactive specimens were most at risk for discrepant intraoperative-final diagnoses for both conventional and telepathology systems, with Cases at UPMC Presbyterian used conventional methods (black bars), whereas UPMC Shadyside cases were handled via telepathology (white bars). Parentheses indicate the percentage of the total number of intraoperative cases for which the telepathology system was used in that year. comparable discrepancy rates using either system (Table 3) . Lymphomas and hemangioblastomas, on the other hand, appeared more likely to have discrepant diagnoses via conventional microscopy than telemicroscopy. Ependymomas and schwannomas, in contrast, appeared to have a higher risk of discrepancy with the final diagnosis if diagnosed intraoperatively by telepathology (1 of 5 and 2 of 11, respectively) rather than by conventional microscopy (1 of 21 and 1 of 57, respectively). All other diagnostic classes had similar discrepancy rates in both systems.
Concordance Rates
The overall rate of intraoperative-final concordance in conventional microscopy was between 85% and 87% annually, whereas in telepathology overall concordance was slightly lower, averaging approximately 81% (Fig. 5) (Fig. 6 ). This is because the rate of essentially concordant diagnoses in telemicroscopy rose from 8.2% in 2004 to 25.6% in 2006, compared with an average of 15% in conventional microscopy over that same time period. In both systems meningiomas and pituitary adenomas had comparably high overall concordance rates, and benign/reactive specimens, neoplasm NOS, and lymphomas had the lowest concordance rates ( Table 4) . As suggested earlier, schwannomas and ependymomas were more likely to have intraoperative-final diagnosis concordance if handled conventionally (150 of 151 and 20 of 21, respectively) than via telemicroscopy (4 of 5 and 8 of 11, respectively). The overall concordance rates for other highvolume diagnostic classes, such as gliomas and metastatic neoplasms, were slightly lower in telepathology than in conventional pathology but not statistically different.
Discrepancy and Inexact Diagnosis Subclassification
The types of discrepancies and inexact intraoperative diagnoses between conventional and telemicroscopy systems were compared (Table 5 ). In both systems the top causes of discrepancies were differences in classification of neoplasms, followed by false-positive and false-negative intraoperative diagnoses. Misgrading of gliomas was rare. In large part this is because the most common reason for an inexact but essentially concordant diagnosis in the conventional setting and the second most common reason in telepathology was the deferral of glioma grade. Identifying a lesion as neoplastic but deferring on the actual class of neoplasm was also a common cause of an inexact diagnosis in both systems, followed by an inability to narrow a differential past 2 or 3 possible diagnoses. Merely confirming that diagnostic, abnormal tissue was present in a specimen was an unusual type of inexact diagnosis and only occurred during computed tomography-guided stereotactic biopsies.
Comparison Between Telepathology Systems
Because 2 telepathology systems were used from 2002 to 2006, efficacy rates between the 2 systems were compared. Only 40 cases were handled using the DN100 microscope from January 2002 through August 2003, after which the Coolscope system was implemented, generating 362 cases from September 2003 through December 2006. Overall concordance, exact concordance, discrepancy, and deferral rates were nearly identical (data not shown), allowing for the combination of both systems into the general Btelepathology[ group.
Regarding subjective performance differences, the DN100 system performed smoothly and required almost no technical support for routine operation. The remote pathologist was readily able to control the microscope. Image quality was excellent, and the neuropathologists felt confident in their ability to interpret the projected images. Whole-slide imaging was not available; the choice of relayed images was determined by the on-site surgical pathologist at UPMC Shadyside, with some voice direction by the neuropathologist over the phone from UPMC Presbyterian. Limitations to the DN100 microscope were soon apparent, however. The high-resolution static images took time to transmit, causing mild frustration. Consultation time took much longer than with traditional microscopy (~2 to 10 times longer, exact data not available). Important medicolegal concerns eventually arose regarding joint responsibility for the case.
Like the DN100 system, the Coolscope system was robust and only rarely required technical support. Unlike the DN100 system, only 1 pathologist was neededVthe neuropathologist controlling the microscope remotely via the Web browser (Fig. 1C) . Image quality was satisfactory, and the whole-slide imaging, in conjunction with the capacity to directly control the microscope, contributed substantially to the neuropathologists' improved comfort level. However, the video microscopy software was still slow relative to traditional microscopy, requiring approximately twice as long as a conventional intraoperative consultation (exact data not available).
DISCUSSION
Concentration of subspecialty pathology expertise, increasingly specialized case volume, and expanded intraoperative consultation responsibilities are inexorable trends within rapidly expanding health care organizations (22) . Neuropathology practices have evolved in response to these trends, resulting in small numbers of localized practicing neuropathologists providing service to geographically dispersed sites. Intraoperative consultation has been one of the greatest challenges of this new era.
Our first attempt to practice telepathology was actually not the DN100 microscope, but rather a nonrobotic videoconference system utilized from 1999 to 2001 that sent realtime microscope video images (NTSC, 640 Â 480) via an ISDN (384 kilobits/s) connection. The neuropathologist viewed a video image on a television while the local pathologist controlled the microscope. The neuropathologist provided an opinion, and the local pathologist signed out the consult. Use of this dedicated telecommunications connection required constant technical support at both sites. System malfunctions were common, and the neuropathologists were not satisfied with the image quality and lack of direct microscope control. Because of these factors, no cases were diagnosed effectively using this system, and thus no cases were used for this study. Although this system was considered to be the best solution possible at the time, it was not adequate for routine use.
The next generation system, the DN100, was a substantial improvement. Image resolution was much better, approaching that of standard microscopy. Telecommunications support was no longer routinely required. Still, the need for a local pathologist and the lack of direct slide control by the neuropathologist were ultimately the largest drawbacks to this system. Importantly, it was difficult to determine which pathologist should be responsible for the intraoperative diagnosis, both legally and financially.
The robotic Coolscope system introduced in late 2003 finally freed the neuropathologist from having to rely on another person for control of the microscope, thereby making the neuropathologist fully responsible for the case. With such a system, it was possible to view and control a microscope slide remotely. Interestingly, the data do not show an appreciable difference between the second-and third-generation systems in terms of deferral rate and accuracy (not shown). However, because the overall caseload was much higher while the Coolscope was operational than the DN100 (Fig. 2) , it is unclear whether the qualitatively slower DN100 would have been capable of maintaining such high overall efficacy during this period of rapid growth. In addition, the need for only 1 pathologist rather than 2 made use of the Coolscope more cost-effective and thus it was more desirable from an institutional standpoint.
It is interesting to study the changes in diagnostic outcomes with telepathology over time. In 2002 and 2003 the case load was comparatively low, and the cumulative experience of the neuropathologists with telemicroscopy was minimal. No cases were discrepant with the final diagnosis, but not many cases had been handled. The switch to a new telepathology system in late 2003, coupled with the growing case load and newfound total independence with the telemicroscope, correlated with a slight increase in deferral and discrepancy rates and a decrease in overall concordance compared with conventional microscopy (Figs. 3Y5) . The higher deferral rate did not appear to be due to unreasonable discomfort with the technology, as the percentage of cases in which diagnoses were deferred but Bunofficial[ opinions were offered that proved to be correct was similar in both telemicroscopy and conventional microscopyVthat is, neuropathologists were not being needlessly cautious with the telemicroscopy system. With time and increased experience, discrepancy, deferral, and concordance rates have approached that of conventional intraoperative consultations. Facilitating this improvement was a weekly neuropathology quality assurance/quality control meeting in which telepathology cases, including digital images acquired at the time of diagnosis plus images from permanent slides, were presented and discussed. This meeting served to educate all the neuropathologists about the unique diagnostic pitfalls and strengths of telemicroscopy, even when they were not on the service. One trend that seems to have developed as a compensatory measure is the decrease in exact diagnoses rendered via telemicroscopy and a concomitant increase in the number of essentially correct cases. Thus, when rendering diagnoses remotely, neuropathologists have learned to trust the system to a point enough to provide reliable information for the surgeon at a level essentially comparable to that for conventional microscopy.
Although we do not have objective data comparing the time it takes to perform a telepathology consultation and a conventional consultation, there is a consensus subjective impression that it takes longer to physically examine the specimen using the remote system. Furthermore, images from the remote system are captured as part of quality improvement, which further lengthens the turnaround time compared with conventional consultations. Despite all this, we believe that the total time in the pathologist's day devoted to intraoperative consultations is less with telepathology than with conventional intraoperative consultations if significant travel time is required for the latter. Moreover, while the pathology assistant is manipulating the specimen at the remote site, the consulting neuropathologist is able to continue other work, thereby increasing efficiency. It should be emphasized that, because of Internet accessibility, such consults can easily be done at the neuropathologist's office. Overall, the system is fast enough that the neurosurgeons are willing to trade the longer turnaround time for having their cases reviewed by a specialized neuropathologist. Although our neuropathologists no longer have to worry about being in 2 places at once, the additional sites have frequently resulted in multiple simultaneous intraoperative consultations. This has often required a backup neuropathologist to assist during peak consultation hours.
Detailed analysis of the data revealed a great deal of similarity between conventional and telepathology intraoperative consultations. In general, the same types of cases that were problematic in conventional microscopy, including benign/reactive specimens, lymphomas, and rare tumors, were also difficult via telemicroscopy. The difficulty was perhaps more accentuated when looking at such cases on a computer screen, as evidenced by the higher deferral rates for those 3 diagnostic classes ( Table 2 ). Subdividing the benign/reactive class did not identify any single subclass that was particularly more problematic in telepathology (Supplemental Tables 1 and 2 ). Cases that were most reliably diagnosed by conventional microscopy (meningioma and pituitary adenoma) also had robust concordance rates with telemicroscopy (Table 4) . Two notable exceptions included schwannomas and ependymomas, both of which were easily diagnosed conventionally but were more difficult to diagnose remotely. Anecdotally this difficulty was felt to reflect differences in availability of other case information (e.g. occasional telepathology consultations performed for patients who did not have radiology studies or clinical history in the accessible medical record). The concordance rates for the other 2 most common neoplasms, gliomas and metastatic tumors (usually carcinoma or melanoma), were statistically similar when diagnosed by either method. The kinds of discrepancies and reasons for making essentially correct rather than exact intraoperative diagnoses were also similar between conventional microscopy and telemicroscopy (Table 5) .
Our telepathology service has certainly evolved over time, in response both to technologic advances and to strengths and weaknesses with the technique. The greatest challenges have been working at a distance and organizational matters rather than pure technologic issues. The lack of an on-site presence affected every stage of the intraoperative consultation, including gathering of patient information, gross specimen examination and handling, frozen and smear preparation, communication with all parties involved, and documentation of the consultation diagnosis. Although none of these issues presented insurmountable challenges to the overall workflow, it was necessary to optimize the infrastructure. Such optimization included proper training of the PAs regarding neuropathologic specimens and operation of the Coolscope system, a robust Internet connection, and emergency technical and/or backup pathologic support in the rare event of system failure. In summary, responsibilities had to be rigorously and unambiguously assigned to every person involved in the process.
Despite the fact that technology is demonstrably no longer a limiting factor in telepathology, there is still room for improvement. The single greatest hindrance with Coolscope was the video microscopy softwareVit was slower and more labor intensive to view slides in this manner than with a traditional microscope. Focusing up and down to appreciate depth was not an option, and the resolution sometimes limited the confident detection of key details like mitotic figures. Moreover, quickly switching between multiple slides was not possible as it is in conventional microscopy.
In summary, current technology has made feasible the implementation of telepathology intraoperative consultations. Initially, parameters such as concordance and deferral rates may be slightly different from those with conventional microscopy, but these differences are slight and diminish as neuropathologists become more familiar with the technology. Keys to establishing a robust telepathology service include thorough training of faculty and PAs, establishing backup services, clear delegation of responsibilities, and ensuring rapid communication between all parties involved. At a rate comparable to that with conventional methods, telepathology can produce information that is useful to the surgeon and facilitates the distribution of neuropathologic expertise. This will have tremendous future implications for the practice not only of neuropathology but also of other pathology subspecialties.
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